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West Lafayette, IN, USA
E-mail: patil26@purdue.edu
* Corresponding Author

ABSTRACT
This paper presents a new load-based testing methodology for testing packaged and split air conditioning and heat
pumping equipment in a realistic manner that captures interactions between the equipment’s controls and the building.
Although this is particularly appropriate for variable-speed equipment, the methodology can also be applied for testing
staged equipment. This load-based testing methodology has been developed in collaboration with the Canadian
Standards Association (CSA) which aims to develop a new standard that can be used to better predict the seasonal
performance of variable-speed units as compared to traditional steady-state test methodologies. The load-based
methodology replicates actual building dynamics in psychrometric test chambers by continually updating the room
temperature and humidity based on a simple virtual building load model. The paper presents the virtual building load
model, discusses some convergence criteria needed to determine when the tests have converged since these tests
operate differently as compared to traditional steady-state tests, and provides some example test results for both
variable-speed and staged equipment.

1. INTRODUCTION
The characterization of heating and cooling performance of HVAC&R equipment is required of all manufacturers for
determining seasonal energy efficiency ratings. The current rating standards, e.g. AHRI Standard 210/240 (ARI, 2008)
and CSA C656 (2010), determine seasonal energy efficiency (e.g., SEER) using a bin method along with data from
steady-state tests at different operating conditions. These standards were originally developed for equipment with
single or two-stage thermostat control, but have been incrementally updated to consider equipment with variablespeed compressors and fans. However, the equipment testing is performed using control overrides and doesn’t consider
the interaction of the integrated controls with the equipment. As a result, the standard ratings don’t capture the full
range of part-load operation and don’t necessarily reward manufacturers who have superior controllers.
To address this issue, we have been working with the Canadian Standards Association (CSA) to develop and
evaluate a load-based testing methodology for evaluating the seasonal performance of variable-capacity equipment.
This new testing methodology could be applied to both variable-speed and staged equipment, enabling a more direct
and fair comparison of their performance. The testing methodology involves emulating the response of a building’s
sensible and latent loads to equipment controls by dynamically adjusting temperature and humidity setpoints of the
psychrometric chamber reconditioning system. Convergence criteria have been developed to automate the overall
testing methodology so that the equipment performance can be fully evaluated using test sequences that can be
performed over a relatively short period of time (e.g., 1 day). Ultimately, automated load-based testing could lead to
a practical approach for capturing equipment performance models that could be used in energy simulation programs
for determining more accurate and application specific performance ratings. This paper presents the overall
methodology of load-based testing in addition to a discussion of some of the experimental results for cooling. Two
companion papers (Dhillon et al.(2018) and Cheng et al.(2018)) present more comprehensive test results and
sensitivity studies for both cooling and heating.

2. VIRTUAL BUILDING LOAD MODEL
Hjortland and Braun (2018) presented a load-based testing methodology for testing variable-speed and fixed-speed
air conditioning or heat pumping equipment in a realistic manner under part-load conditions. The method is applicable
to both split systems and packaged equipment that are typically employed in residential and small/medium-sized
commercial buildings. The method relies on models for sensible and latent loads associated with the building. For
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cooling tests, the sensible cooling load is the total heat gain to the air associated with internal and external sources.
The internal sources can include building occupants, lights, appliances (refrigerators, stoves, etc.), and other
equipment (computers and other electronics). The external gains are due to solar radiation through windows,
conduction through the building envelope, infiltration, and ventilation. At any given time, the test unit controller
attempts to modulate the unit sensible cooling capacity to drive the thermostat temperature to its setpoint, which is
equivalent to balancing the cooling load. In the load-based test methodology, a simulated building temperature
response is estimated using a simple lumped-capacitance model with inputs of building load from a simple model and
real-time measurements of test unit sensible cooling rate.

𝑪

𝒅(𝑹𝑨𝑻)
= 𝑩𝑳 − 𝑸̇𝒔
𝒅𝒕

(1)

where C is the building capacitance, 𝑹𝑨𝑻 is the temperature of the air in the simulated building that is returned to the
test unit, BL is the sensible heat gain to the building (i.e., building load) composed of internal and external heat gains
and 𝑸̇𝒔 is the sensible cooling capacity delivered by the cooling unit. From this basic transient energy balance, it can
be seen that in order to maintain the space temperature within comfort bounds, the unit has to provide cooling capacity
close to the cooling load. If the load is higher than the cooling capacity, the room temperature will increase. If the load
is lower than the cooling capacity, the unit overcools the space and the room temperature will decrease.
To implement these dynamics inside a psychrometric chamber, the equation is discretized using a first-order forward
difference formula.

𝑪

𝑹𝑨𝑻(𝒕 + 𝜟𝒕) − 𝑹𝑨𝑻(𝒕)
= 𝑩𝑳 − 𝑸̇𝒔
𝜟𝒕

(2)

where 𝑹𝑨𝑻(𝒕) is the temperature setpoint for the indoor room reconditioning system controller at time t and 𝑹𝑨𝑻(𝒕 +
𝜟𝒕) is the temperature setpoint at time (𝒕 + 𝜟𝒕). By rearranging the terms of Equation (2), a recursive equation for
updating the indoor room temperature setpoint is obtained.

𝑹𝑨𝑻(𝒕 + 𝜟𝒕) = 𝑹𝑨𝑻(𝒕) +

𝜟𝒕[𝑩𝑳 − 𝑸̇𝒔 ]
𝑪

(3)

In order to implement this equation in psychrometric chambers, real-time measurements of the sensible cooling
capacity are needed. If the updating interval and the building capacitance are chosen properly, realistic building
dynamics can be emulated in a psychrometric chamber space and the unit testing can include overall performance of
integrated controls and equipment that is more realistic than traditional steady state tests that require special test
modes.
A similar dynamic latent load model is employed for cooling tests. In this case, a recursive updating equation for
psychrometric room humidity ratio is

𝒘(𝒕 + ∆𝒕) = 𝒘(𝒕) +

∆𝒕[𝑳𝑳 − 𝑸̇𝒍 ]
𝒉𝒇𝒈 𝑪𝒘

(4)

where w is a humidity ratio setpoint to be maintained by the reconditioning system controller, 𝑸̇𝒍 is the net latent
cooling rate provided by the unit determined with air-side measurements, LL is a latent load for the indoor room, Cw
is a simulated “moisture capacitance” associated with the indoor air, hfg is the heat of vaporization of water, and ∆𝒕 is
the time interval for updating the indoor room reconditioning system controller setpoint for indoor. The latent load is
the rate of cooling necessary to remove the moisture gains to the space.
A similar dynamic updating equation for indoor room temperature is employed for heating tests, but with a
different sign convention. A moisture balance is not needed because the test equipment is assumed to not have any
moisture removal or addition within the indoor room for the heating test conditions.

3. CSA LOAD-BASED TESTING STANDARD
The virtual building models described in the previous section have been integrated into a load-based testing
methodology that is the basis of a draft revision of the Canadian Standards Association (CSA) standard C656 for
evaluating the seasonal performance of variable-capacity heat pumps and air conditioners use for residential buildings.
This section describes important elements of the overall methodology.
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3.1 Sensible Load Model in Cooling Tests
The sensible heat gains (building load) for cooling tests are determined assuming a linear relationship between
energy gains and temperature difference between outdoor and indoor conditions. Gains that are independent of
outdoor temperature are handled using a balance point temperature. The building load at an outdoor temperature
design condition is scaled according the equipment cooling capacity using an oversizing factor. The resulting load
line is expressed in Equation (5).

𝑩𝑳(𝑻𝒋 ) =

𝑻𝒋 − 𝑻𝒃𝒂𝒍
𝟏
× 𝑸̇𝒄 (𝟗𝟓) × [
]
𝑭
𝑻𝑶𝑫 − 𝑻𝒃𝒂𝒍,𝑫

(5)

where 𝑸̇𝒄 (𝟗𝟓) is the total cooling capacity at the standard AHRI 210/240 A2 test condition (steady-state test at
ODB = 95°F, IDB = 80°F, and IWB = 67°F), F is a sizing factor that accounts for equipment oversizing and
sensible heat ratio effects, 𝑻𝒋 is the outdoor room (ambient) temperature, and 𝑻𝑶𝑫 is the ambient design temperature
(95°F for humid cooling tests and 102°F for dry cooling tests). 𝑻𝒃𝒂𝒍,𝑫 is the building design balance point
temperature for cooling (67°F), and 𝑻𝒃𝒂𝒍 is the balance point temperature based on the current indoor room
temperature (RAT(t)) which is updated according to

𝑻𝒃𝒂𝒍 = 𝑻𝒃𝒂𝒍,𝑫 + (𝑹𝑨𝑻(𝒕) − 𝑻𝑰𝑫 )

(6)

where 𝑻𝑰𝑫 is the indoor design temperature specified as the test unit thermostat setting (74°F for humid cooling
tests and 79°F for dry cooling tests).
To simulate the dynamic response of the virtual building, the indoor psychrometric room is controlled by its
conditioning system to track indoor temperature setpoints that are determined using the updating equation presented
in Equation (3) and repeated below.

𝑹𝑨𝑻(𝒕 + ∆𝒕) = 𝑹𝑨𝑻(𝒕) +

∆𝒕[𝑩𝑳(𝑻𝒋 ) − 𝑸̇𝒔 (𝒕)]
𝑪

(7)

RAT is continually fed as the setpoint to the indoor psychrometric room system controller at short intervals, ∆𝒕,
sufficient to ensure adequate dynamic interaction with the equipment.
In our testing, we found that a value of ∆𝒕 equal to 1 second worked well. The feedback controller for the indoor
room reconditioning system should use a measurement of the test unit return air temperature as its input and should
be tuned to adequately track the response dictated by Equation (7). The sensible building cooling requirement, BL, is
determined using Equation (5) for the current indoor setpoint determined using Equation (7) and different constant
ambient temperatures (𝑻𝒋 ) that are specific to different test conditions as presented in Table 1 for dry and humid
climates. The net sensible cooling rate provided by the unit, 𝑸̇𝒔 , is an input to the dynamic load model in Equation (7)
and is determined from air-side measurements. The value of the sizing factor in Equation (5) is 1.5 within the draft
CSA standard.

Table 1: Cooling mode load-based test conditions
Test
A
B
C
D
E

Humid Test Conditions
ODB (°F)
Target IDB(°F)
N/A
104
95
74
86
77

Dry Test Conditions
ODB (°F)
Target IDB(°F)
113
104
95
79
86
77

The choice of building capacitance in Equation (7) is important because it influences cycling behavior of the
equipment when it is operating at lower loads and it influences testing time associated with achieving steady state at
any operating condition. Since cycling behavior may have a strong effect on performance of some equipment, it is
important to specify a capacitance value that results in realistic behavior. Henderson et al (1996) utilized a lumped
capacitance model similar to the load model presented in this paper to develop a relationship for maximum number of
complete on/off cycles of a residential single-speed air conditioner in terms of sensible cooling capacity, building
capacitance and thermostat temperature deadband. This relationship can be expressed as
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𝑵𝒄𝒚𝒄𝒍𝒆,𝒎𝒂𝒙 =

𝑸̇𝒔
𝟖 ∙ 𝑪 ∙ ∆𝑻𝒅𝒃

(8)

where ∆𝑻𝒅𝒃 is the thermostat temperature setpoint deadband. In addition, Henderson et al (1996) performed field
studies and estimated that the typical maximum number of on/off cycles for residential fixed-speed equipment was
about 3 cycles per hour for a deadband of 1ᵒF. If full-load sensible cooling capacity at outdoor temperature of 95ᵒF is
used with a deadband of 1ᵒF and maximum number of cycles of 3 cycles per hour, then Equation (8) can be used to
obtain a method for estimating representative building capacitance values that scale with the equipment size according
to

𝑪=

𝑸̇𝒄,𝒔 (𝟗𝟓)
𝟐𝟒

(9)

where 𝑸̇𝒄,𝒔 (𝟗𝟓) is test unit sensible cooling capacity at the full-load rating condition in Btu/h and C is the building
capacitance with units of Btu/ᵒF. Table 1 gives capacitance values as a function of rated full-load sensible capacity
determined with Equation (9). This approach for determining building capacitance is part of the current draft CSA
testing standard.

Table 2: Capacitance Values for CSA Testing Standard
𝑸̇𝒄,𝒔 (𝟗𝟓),
Full-Load Sensible
Capacity at 95°F
[ton]
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

C, Capacitance
[BTU/°F]

500
750
1000
1250
1500
1750
2000
2250
2500

3.2 Latent Load Model in Cooling Tests
In traditional steady-state tests, indoor wetbulb temperature is generally held constant. This approach for specifying a
fixed indoor wetbulb temperature with load-based testing is problematic because it could allow manufacturers to
implement a control algorithm that would minimize moisture removal for load-based testing but that would work fine
in the field. Consider a typical control approach where the compressor speed is adjusted to maintain a supply
temperature setpoint and the supply fan speed is adjusted to maintain the indoor thermostat temperature. Further
imagine that the test unit contains a return air humidity sensor and an algorithm for resetting the supply air temperature
setpoint upwards if the return air humidity is less than an upper limit and fan speed is less than 100%. This is actually
a near-optimal control approach that approximately minimizes power consumption for a given sensible load
requirement and maintains humidity below an upper limit. However, if this type of control algorithm were
implemented in a unit undergoing load-based testing with the current approach, then it would tend to run at the highest
possible supply temperature that would meet the zone sensible load while minimizing moisture removal. This would
occur because the test facility conditioning system would provide the necessary moisture control to keep the wetbulb
at the specified test condition setpoint rather than the test unit.
One way to address this problem is to implement a moisture load model with a floating indoor room humidity in
a manner that is analogous to the sensible load models used for room temperature control in the load-based method.
With this in mind, the dynamic moisture balance model presented in Equation (4) was developed for updating humidity
ratio setpoints for the indoor room reconditioning system. This model requires a method for determining the latent
load, LL, for each test condition. One simple approach that is implemented within the CSA draft standard is to assume
that the ratio of sensible to total load for the indoor space is a constant and equal to a specified target value,
𝑆𝐻𝑅𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 . With this assumption, the latent load can be written as
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𝑳𝑳 = 𝑩𝑳 (

𝟏
𝑺𝑯𝑹𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈

− 𝟏)

(10)

Equation (4) can then be rewritten as

𝒘(𝒕 + ∆𝒕) = 𝒘(𝒕) +

∆𝒕 [𝑩𝑳 (𝑺𝑯𝑹

𝟏
𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈

− 𝟏) − 𝑸̇𝒍 ]
(11)

𝒉𝒇𝒈 𝑪𝒘

In the CSA standard, 𝑆𝐻𝑅𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 is set to 0.8 for humid test conditions and 1.0 for dry test conditions. Similar to
sensible capacitance, an appropriate latent capacitance is necessary to have realistic dynamics for the latent load
model. For a typical residential building with 8 foot ceilings and assuming a cooling capacity of 1 ton per 1000 ft2 of
floor area, the mass of air in the space can be calculated from the density. Assuming the latent capacitance to be two
times that of the air mass in the space, then

𝑪𝒘 =

𝑸̇𝑪 (𝟗𝟓)
𝟐𝟎

(12)

where 𝑪𝒘 has units of lbm with 𝑸̇𝒄 (𝟗𝟓) in Btu/h.

3.3 Sensible Load Model in Heating Tests
The sensible building load line for heating tests with a heat pump is also scaled with the test unit cooling capacity
and is defined by Equation (13).

𝑻𝒃𝒂𝒍 − 𝑻𝒋
𝑩𝑳(𝑻𝒋 ) = 𝟏. 𝟏𝟓 × 𝑸̇𝒄 (𝟗𝟓) × [
]
𝑻𝒛𝒍 − 𝑻𝒓𝒆𝒇

(13)

where 𝑻𝒋 is the outdoor room (ambient) temperature, 𝑻𝒛𝒍 is the design balance point (zero load) temperature for
heating (60°F), 𝑻𝒓𝒆𝒇 is an outdoor load reference temperature (5°F), and 𝑻𝒃𝒂𝒍 is the balance point temperature based
on the current indoor temperature which is updated according to Equation (14).

𝑻𝒃𝒂𝒍 = 𝑻𝒛𝒍 + (𝑹𝑨𝑻(𝒕) − 𝑻𝑰𝑫 )

(14)

where 𝑻𝑰𝑫 is the indoor design temperature for heating tests specified as the test unit thermostat setting (70°F) and
𝑹𝑨𝑻(𝒕) is the most recent indoor dry-bulb temperature setpoint for the indoor room reconditioning system which is
updated based on Equation (15).

𝑹𝑨𝑻(𝒕 + ∆𝒕) = 𝑹𝑨𝑻(𝒕) −

∆𝒕[𝑩𝑳(𝑻𝒋 ) − 𝑸̇𝒔 ]
𝑪

(15)

The sensible building heating requirement, BL, is determined using Equation (13) for the current indoor condition
determined using Equation (15) and different constant ambient temperatures (𝑻𝒋 ) that are specific to different test
conditions as presented in Table 3.

Table 3: Heating mode load-based test conditions
Test
A
B
C
D
E
F
G

Standard Outdoor Conditions
ODB (°F)
OWB (°F)
-15
-15
-5
-6
5
4
17
15
34
32
47
41
54
45

Marine Outdoor Conditions
ODB (°F)
OWB (°F)

Target IDB (°F)

N/A
17
34
47
54

16
33
45
49

70
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3.4 Cooling SCOP Calculations
For completeness, this section presents procedures for determining seasonal coefficient of performance (SCOP) for
cooling that are part of the CSA standard. There is a similar SCOP calculation procedure for heating conditions that
is not presented here that also includes auxiliary heat for conditions where the unit runs out of capacity.
Seasonal coefficient of performance (SCOP) is calculated as per the equation (16) for each climate zone.
∑𝒏𝒋=𝟏(𝑫𝑪𝑹(𝑻𝒋 )) ∗

𝑺𝑪𝑶𝑷𝑪,𝑺 =
∑𝒏𝒋=𝟏

𝒏𝒋
𝑵

(𝑫𝑪𝑹(𝑻𝒋 )) 𝒏𝒋
∗ + 𝑷𝑪𝑵𝑨
(𝑪𝑶𝑷𝒄(𝑻𝒋 )) 𝑵

(16)

where 𝑺𝑪𝑶𝑷𝑪,𝑺 is the seasonal cooling coefficient of performance, which includes non-active mode energy
𝒏𝒋

consumption. j is the bin number. 𝑻𝒋 is the bin temperature, outdoor drybulb in ᵒF. is the ratio of number of hours
𝑵
during the cooling season when the outdoor temperature fell within the range represented by bin temperature 𝑻𝒋 to the
total number of cooling hours. 𝑫𝑪𝑹(𝑻𝒋 ) is the cooling demand of the building corresponding to temperature bin 𝑻𝒋 .
𝑻𝒋 − 𝟔𝟕
𝑫𝑪𝑹(𝑻𝒋) = 𝑸̇𝒄 (𝟗𝟓) / 𝟏. 𝟓 × (
)
𝑻𝑶𝑫𝑪 − 𝟔𝟕

(17)

𝑪𝑶𝑷𝒄(𝑻𝒋 )is the tested COP value of the corresponding temperature 𝑻𝒋 . 𝑷𝑪𝑵𝑨 is the average power consumption
when the unit is not in active mode, for cooling it is calculated as
𝑷𝑪𝑵𝑨 = ( 𝑯𝟏𝑪 × 𝑷𝟏 + 𝑯𝟐𝑪 × 𝑷𝟐 + 𝑯𝟑𝑪 × 𝑷𝟑 ) ×

𝟏
𝑵

(18)

𝑯𝟏𝑪 , 𝑯𝟐𝑪 and 𝑯𝟑𝑪 are the number of hours the unit is considered to operate in off mode, crankcase heater mode and
standby mode, respectively. 𝑷𝟏 , 𝐏𝟐 and 𝑷𝟑 are off mode power, crankcase heater power and standby power in W.
From the CSA standard, the off mode and standby mode number of hours for one year are shown in Table 4. The total
number of hours in the cooling season for each climate zone are also included in Table 5.

Table 4: Non-active mode number of hours in cooling season
Climate
zone

Very
Cold

Cold/Dry

Cold/Humid

Marine

Mixed

Hot/Humid

Hot/Dry

Test used
Off mode
hours H1C
Standby
hours H3C

Humid

Dry

Humid

Dry

Humid

Humid

Dry

643.5

845.5

824.5

845.5

1353.5

735.5

977.5

136

580

828

580

168

1027

887

N

58

467

560

52

1694

3611

1965

Table 5 shows the structure of the bin temperatures used in the calculation of cooling SCOP, where 𝐶𝑂𝑃𝑐(𝑇𝑗 ) for
each bin temperature should be interpolated from tested COP values and the corresponding test interval temperature.
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Table 5: Cooling Season Temperature Bins
Climate
Zone

Very
Cold

Cold/Dry

Cold/Humid

Marine

Mixed

Hot/Humid

Hot/Dry

Test used

Humid

Dry

Humid

Dry

Humid

Humid

Dry

N (hrs)
Tj (ᵒF)
72
77
82

58

467

3611

1965

0.336
0.192
0.202

0.289
0.154
0.157

0.316
0.21
0.209

0.335
0.137
0.137

0.284
0.232
0.199

0.19
0.305
0.255

0.213
0.143
0.154

87
92
97
102
107

0.162
0.089
0.016
0.002
0

0.138
0.172
0.076
0.013
0.002

0.147
0.095
0.019
0.005
0

0.104
0.154
0.094
0.028
0.007

0.15
0.1
0.029
0.006
0.001

0.146
0.081
0.019
0.003
0

0.131
0.163
0.109
0.058
0.025

112

0

0

0

0.002

0

0

0.004

560
52
1694
Fractional bin hours, nj/N

3.4 Convergence Criteria for Cooling Tests
This section discusses convergence criteria for load-based cooling tests that enable automation of test sequences. The
criteria for heating tests are more complicated because of the addition of defrost cycles with the possibility of
combinations of defrost and on/off cycling at loads with ambient temperatures near the freezing point of water. As a
result, heating test convergence criteria are still being developed for load-based testing.
It is important to note that indoor temperature conditions for load-based cooling tests can naturally fluctuate as a
result of interactions between the test unit controller and the virtual building load. In fact, some test unit feedback
control approaches do not achieve a converged indoor temperature under many operating conditions. Instead, the
indoor temperature fluctuates within a deadband that may be greater than typical tolerances employed in current
steady-state tests. This behavior has been observed for multiple test units through laboratory testing. Even larger
fluctuations in indoor temperature occur when a test unit is cycling at lower loads. These fluctuations are normal
behavior for a test unit controller interacting with a building load. So rather than an absolute tolerance on indoor
temperature, the tolerance should be applied to the difference between the measured room temperature and the room
air temperature setpoint (RAT) determined by the building load model of Equation (7). This ensures that the test room
controlled response is an accurate reflection of the building load response to the test unit behavior. Also, since the test
unit performance varies with fluctuating indoor temperature and when the unit is cycling, then it is important to
integrate performance over some time period to evaluate averaged performance. With these issues in mind, the
following test convergence criteria have been developed for cooling.
1.
2.
3.
4.
5.
6.

7.

Evaluate the absolute error between the current outdoor dry bulb temperature and the test condition outdoor
temperature setpoint.
Evaluate the absolute error between the current indoor dry bulb temperature and the setpoint determined from
Equation (7).
Evaluate the absolute error between the current indoor wet bulb temperature and the test condition wet bulb
temperature setpoint.
Determine average errors from steps 1 - 3 over a 15-minute moving window.
When the errors from step 4 become less than a tolerance (e.g., 1°F), then begin integration of cooling rate
and power consumption for the test unit.
If the unit does not cycle off for 40 minutes, then determine average COP as the ratio of integrated cooling
rate to integrated power consumption for successive 20-minute periods. Continue testing until the differences
between average COPs for successive 20-minute periods are less than a tolerance (e.g., 1%) and the unit does
not cycle off.
If the unit cycles off in step 6, then determine the average COP for at least two successive complete on/off
cycles. One cycle begins when the test unit turns off, continues during the period when the unit turns on and
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8.

9.

operates, and ends when the unit turns off again. Continue testing until the differences between average COPs
over two successive complete on/off cycles are less than a tolerance (e.g., 1%).
Continually perform step 4 throughout execution of steps 5-7. If the condition of step 5 is violated, then the
cooling rate and power consumption integrations should be reset to zero at any point during testing. This
should guarantee continued testing until all the criteria are met.
If the converged indoor temperature is more than 1°F higher than the test unit thermostat setpoint for the test
condition (specified IDB, IWB, ODB), then the test should switch over to a traditional full-load test at that
condition with the test unit thermostat temperature set well below the specified IDB and the test chamber
system meeting the difference between the sensible load and sensible unit capacity. This ensures all
equipment are evaluated at the same conditions.

4. EXAMPLE TEST RESULTS FOR COOLING
4.1 Automated Cooling Tests
Figure 1 shows a complete automated test sequence for cooling tests with a ducted variable-speed split residential unit
under dry climate conditions. The cycle was completed without operator intervention in 7 hours. The upper plot shows
how the capacity (green) tries to match the building load (red), with the total power (blue) indicating compressor speed
and on/off status. The lower plot shows the variation in outdoor temperature and a relatively constant indoor
temperature during the automated testing. Table 6 summarizes the ending status of the 5 test intervals for this 7-hourlong automated cooling test, which indicates how the automated testing program proceeds from one test interval to
the next. The maximum allowable interval for testing at each ambient condition was 90 minutes. The test unit cycle
on and off at the 3 lower ambient conditions and didn’t have sufficient capacity at the highest outdoor ambient of
113°F. As a result, a full-load test would need to be performed at the 113°F condition in order to determine COP for
use in the seasonal COP calculation. It’s interesting to note that the only variable-speed operating condition for these
tests was 95°F ODT.

Figure 1: Automated test results for cooling with dry climate conditions (no latent load)
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Table 6: Ending status for 5 test intervals

Test
intervals

77°F ODT

86°F ODT

95°F ODT

104°F ODT

113°F ODT

Ending
status

Cycling,
unconverged
after 90 min

Cycling,
unconverged,
after 90 min

Cycling,
converged

Variable-speed
mode,
converged

Ran out of
cooling
capacity

Due to the interaction between the unit controls and the sensible load model, the unit tries to deliver cooling capacity
to match the sensible load while driving the indoor temperature to the target thermostat setpoint. The latent load
model is inactive for dry test conditions. However, during humid test conditions, the latent load model is active and
humidity in the space is floating due to differences in latent gain and latent capacity. Eventually the indoor humidity
should converge to a consistent value for each test condition. Figure 2 shows example variations of indoor humidity
in the space as well as the latent load and latent capacity for the variable-speed residential unit. As can be seen,
humidity in the space decreases when the latent capacity is higher than the latent load and becomes relatively stable
at the end of each test condition.

Figure 2: Automated test results for cooling with humid climate conditions
4.2 Application of Load-based Testing to Staged Units
The load-based testing methodology presented in this paper can also be used for staged units. As an example, the test
methodology was implemented for a packaged rooftop unit (RTU) air conditioner which can be operated in a singlespeed, two-speed or variable-speed mode. The unit was tested using the load-based methodology in cooling conditions
in each control mode. When running in single-speed mode, the unit cycles between an off condition and maximum
speed according to calls for cooling. The unit turns on when the temperature rises above a setpoint and then operates
until the temperature falls below the setpoint minus a deadband, When running in two-speed mode, there are two
deadbands associated with low-speed and high-speed operation. In variable-speed mode, the indoor fan speed is
controlled to maintain the thermostat at a setpoint, while the compressor speed is controlled based on a discharge air
temperature setpoint for the RTU. When operating in variable-speed mode, the room temperature controller will
eventually converge such that the sensible cooling capacity approximately matches the virtual building sensible load.
Since the building load is the same for all three control modes at each outdoor condition, performance of the unit
under these different modes can be observed and compared.
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Figure 3 shows comparisons of overall COP for the three modes for dry test conditions. It can be observed that
the RTU operates least efficiently in single-speed mode due to frequent cycling. Performance is improved in twospeed mode. Variable-speed mode has the highest efficiency. The benefit of variable-speed behavior is more
pronounced at lower ambient temperatures where the unit operates at part-load conditions. As the outdoor temperature
increases, the load also increases, thus reducing the duty cycle of the unit in staged modes. Thus, the performance of
the three modes converge at higher ambient conditions. Figure 4 shows the variation in dynamics across different
RTU modes tested at outdoor temperature of 86 ᵒF. The blue line shows the cooling capacity for a cycle in two-speed
mode followed by a cycle in single speed mode. As can be seen, the cycle in single speed mode is shorter than a cycle
in two-speed mode. The orange line shows the variation in cooling capacity for the unit in variable speed operation.
The cooling capacity in this case reaches a steady state and is lower than the cooling capacity in staged modes.

Figure 3: Performance comparison of RTU operating under similar conditions but different
control modes

Figure 4: RTU behavior across different control modes
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5. CONCLUSIONS
This paper presents a new load-based testing methodology being developed for a standard aimed at characterizing the
performance of variable-speed equipment in a realistic and accurate manner. The method utilizes a simple virtual
building load model which is derived from first principles using energy and moisture balances on the indoor space.
Convergence criteria for cooling tests needed in determining overall performance for these time varying tests are also
presented. Using the test methodology for cooling, example results are included for two test units. For a variablespeed residential split system tested under cooling load conditions, the unit transitioned from cycling to variable speed
to running out of capacity as the ambient temperature increased. This behavior is consistent with what is expected in
an actual building. The load-based methodology was also applied to a packaged RTU unit that was tested with singlestage, two-stage and variable-speed control. The test results demonstrated the benefits of operating under variablespeed mode at lower ambient conditions due to reduced cycling losses. This testing approach doesn’t require the test
mode overrides that are typically employed in determining part-load performance for variable-speed equipment nor
the cyclic degradation tests that are performed for staged equipment. The methodology naturally captures the
integrated performance of a test unit with its own controller and could ultimately include testing of packaged
equipment that employs integrated economizers.

NOMENCLATURE
AHRI
BL
C
𝐶𝑤
𝐶𝑂𝑃𝑐
CSA
𝐷𝐶𝑅
F
HVAC
𝐻1𝐶
𝐻2𝐶
𝐻3𝐶
IDB
IWB
LL
𝑁𝑐𝑦𝑐𝑙𝑒,𝑚𝑎𝑥
ODB
OWB
𝑃𝐶𝑁𝐴
𝑃1
𝑃2

Air-conditioning, Heating &
Refrigeration Institute
Building Load
Building Capacitance
Moisture Capacitance
Tested Value of Coefficient of
Performance
Canada Standard Association
Cooling Demand of the Building

𝑃3

Standby Power

𝑄̇𝑐
𝑄̇𝑐,𝑠
𝑄̇𝑙
RAT

Cooling Capacity
Sensible Cooling Capacity
Latent Cooling Capacity
Return Air Temperature

RTU
SCOP

Sizing Factor
Heating, Ventilation and Airconditioning
Number of Hours of Off Mode
Number of Hours of Crankcase
Heater Mode
Number of Hours of Standby Mode
Indoor Drybulb Temperature
Indoor Wetbulb Temperature
Latent Load

SEER
𝑆𝐻𝑅𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

Rooftop Unit
Seasonal Cooling Coefficient of
Performance
Seasonal Energy Efficiency Ratio
Building Sensible Heat Ratio

𝑇𝑏𝑎𝑙
𝑇𝑏𝑎𝑙,𝐷

Balance Point Temperature
Design Balance Point Temperature

𝑇𝐼𝐷

Indoor Design Temperature
Bin/Outdoor Drybulb Temperature
Ambient Design Temperature
Outdoor Load Reference
Temperature
Design Balance Point (Zero Load)
Temperature
Latent Heat of Vaporization of
Water
Absolute Humidity
Fractional Bin Hours

𝑇𝑗
𝑇𝑂𝐷
𝑇𝑟𝑒𝑓

Maximum Number of On/Off Cycles 𝑇𝑧𝑙
in an hour
ℎ𝑓𝑔
Outdoor Drybulb Temperature
Outdoor Wetbulb Temperature
Average Power Consumption when
the Unit is not in Active Mode
Off Mode Power
Crankcase Heater Power

𝑤
𝑛𝑗
𝑁
∆𝑡
∆𝑇𝑑𝑏

Time Step
Thermostat Temperature Setpoint
Deadband
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